In past twenty years, one-dimension (1-d) titania nanostructures have attracted rapidly increasing attention due to their important role in applications related to gas sensing, optoelectronic devices, biomedicine, in the fabrication of solar cells and batteries[@b1][@b2][@b3][@b4][@b5][@b6][@b7][@b8][@b9]. However, disordered structures are problematic for use in device fabrication in such areas as microelectronics, photonics. Thefore, researchers has explored novel methods including the hydrothermal route, the AAO template method, the electrochemical approach etc. to improve the alignment of 1-d titania nanostructures in past decades[@b10][@b11][@b12]. However, the yield production of the 1-d titanium arrays obtained from these methods is much less, not in sufficient quantities to satisfy commercial demand. And thses titanium arrays in length have just several hundred microns. It is kown that, the electrospinning technique is a effective way to produce polymer or inorganic fibres with diameters as small as 10 nm and up to a few microns in diameter. This approach is inexpensive, easily operated, non-polluting, and available suits for industrial production. The length of the nanofibres depends on the time of electrospinning and can be thousands of kilometres (in theory)[@b13]. However, under normal conditions, bending instabilities of polymer jet are was the primary cause of generate randomly oriented fibres with various diameters and structures during the electrospinning process[@b14][@b15]. In past decades, researchers has explored novel methods including mechanical, electrostatic, and other ways of improving the alignment of electrospun nanofibres[@b16][@b17][@b18]. These methods comprising largely of using high speed collectors and/or through manipulating the electrical field have been devised and shown to work well in preparing aligned electrospun fibres and patterns. However, the set-up used is somewhat complicated or the alignment of as-spun fibres cannot be maintained with increasing collection time due to the varying electrical conductivity of the collector caused by increased numbers of fibre layers. Therefore, it remains a significant technological challenge to assemble aligned fibre arrays via an conventional electrospinning method.

Recent years, the nanoscale lanthanide doped compounds in particular 1-d nanostructures have attracted much research interest for their broad potential applications-e.g. color display, solar cells, ultrasensitive detection and *in vivo* imaging[@b19][@b20][@b21][@b22][@b23]. Thus, developing an strategy to easily obtain mass-scale manufacturing of the 1-d lanthanide doped nanostructures is very significant to satisfy practical applications. In the present work, we develope a improved the conventional electrospinning technique to large-scale easily produce ultralong parallel well-aligned TiO~2~:Ln^3+^ (Ln = Sm, Eu, or Er) fibre arrays. In this method, the ultrahigh molecular weight PEO was exploited to eliminate the occurrence bending instability of the electrospinning jet to achieving highly aligned fibre assemblies. In addition, the grow mechanism and luminescence properties of well-aligned TiO~2~:Ln^3+^ fibre arrays were also investigated. This simple approach can achieve ultra-long aligned inorganic nanofibres and nanostructures arrays in a straightforward and scalable fashion, suitable for a variety of practical applications.

Experimental Procedure
======================

Some 2.0 g of tetra-n-butyl titanate (Ti(OC~4~H~9~)~4~) was dropped in the mixed solvent with 5 ml of ethanol and 15 ml of CH~2~Cl~2~ under magnetic stirring for 20 min. Then a certain amount of rare earth nitrate such as Eu(NO~3~)~3~, Sm(NO~3~)~3~ · 6H~2~O, or Er(NO~3~)~3~ · 6H~2~O was added to this mixture, respectively. The molar ratio of Eu^3+^ to Ti^4+^ was 1.0, 3.0, 5.0, and 10.0 mol %, respectively. The molar ratio of Sm^3+^ to Ti^4+^ was 1.0, 5.0 and 10.0 mol%, respectively. The molar ratio of Er^3+^ to Ti^4+^ was 1.0 mol%. After 20 min, an amount of PEO was added to the aforementioned mix solution, followed by magnetic stirring for about 1 h to obtain the final electrospinning solution. [Supplementary Figure 1](#S1){ref-type="supplementary-material"} shows the schematic diagram of the electrospinning set-up, which consisted of three major parts: a high-voltage power supply, a spinneret (plastic needle), and a collector (rotating plastic drum). The precursors of TiO~2~:Ln^3+^ Ln = Sm, Eu, or Er) fibre arrays were obtained by electrospinning with a distance of 200 mm between the spinneret tip and the collector, an applied voltage of 5.0 to 8.0 kV at a rate of rotation of the drum of between 500 to 1400 rpm (1 rpm was equivalent to a linear speed of 0.0067 m/s). The as-prepared precursor fibres of the TiO~2~:Ln^3+^ array were taken off and calcined at a heating rate of 10 °C · h^−1^ in air to remove organic components, thus forming ceramic TiO~2~ Ln^3+^ fibres.

The crystal structure of the samples was studied by powder X-ray diffractometer (XRD, Shimadzu, XRD-6000) with Cu Kα radiation (*λ* = 0.15406 nm). In the X-ray diffraction measurements, the scanning region was 20° ≤ 2 *θ* ≤ 80°, and the scanning step size was 0.02°. The morphology of the samples was observed by field emission scanning electron microscope (SEM, SUPRA 55). The TEM images, HR-TEM images, and selected area electron diffraction patterns (SAED) of the HR-TEM images were recorded on a JSM-2010 transmission electron microscope (JEM, Japan) under a working voltage of 200 kV. The excitation and emission spectra were recorded on a Hitachi F-4600 spectrophotometer equipped with a continuous 150 W Xe arc lamp: for comparison between different samples, the emission spectra were measured at a fixed pass of 0.2 nm with the same instrument parameters (a 2.5 nm excitation split, a 2.5 nm emission split, and a 400 V photomultipier tube voltage).

Results and Discussion
======================

Changing the electrospinning conditions, such as the applied voltage, the PEO content, and the rate of rotation of the collecting drum, all exerted a significant influence on the size and morphology of the precursor fibres of TiO~2~. [Supplementary Figures 2](#S1){ref-type="supplementary-material"} to 5 show the FE-SEM images of the TiO~2~ precursors fibres prepared under different conditions Accordingly, it can be found that the obtained TiO~2~ precursor fibres have random structures with regards their spatial orientation when the rate of rotation of the collecting drum was less than the 800 rpm, while aligned TiO~2~ fibres were obtained when the rate of rotation of the drum exceeded 1100 rpm. The orientation of the as-spun fibres was improved with increasing rate of rotation of the collecting drum. Besides, [Supplementary Fig. 2(e) and (f)](#S1){ref-type="supplementary-material"} further confirm that the precursor TiO~2~ fibres are well-aligned fibre arrays. Within the range studied, an increased PEO and Ti(OC~4~H~9~)~4~ concentration caused the diameter of the precursor fibres to increase gradually. The PEO concentration was 1.0, 2.0, 2.5, and 3.0 wt%, the corresponding average diameters of the TiO~2~ precursors fibres were 3.0 μm, 4.2 μm, 5.0 μm, and 6.0 μm, while the Ti(OC~4~H~9~)~4~ concentration was 8.0, 10.0, or 20.0 wt%, the corresponding average diameters of the TiO~2~ precursors fibres are 3.5 μm, 5.0 μm, and 15.0 μm, respectively. Varying the applied voltage exerted no obvious influence on the diameter of fibres, but the orientation of the as-prepared fibres proved to be dependent on the electrospinning voltage. When the applied voltage was too small (\<5 kV), the spinning of the jet from the spinneret became more difficult due to the viscoelasticity of the electrospun solution: as the applied voltage increased (\>10 kV), the orientation of fibres became increasingly random due to bending instability of the electrospun jet. Most importantly, it was observed that, when a little rare earth nitrate (such that the molar ratio of RE^3+^ to Ti^4+^ was less than 10.0 mol%) was added to the above electrospun solutions, which barely caused any variation in the morphology of the precursor fibres of TiO~2~ under the same experimental conditions.

To obtain well-aligned fibre arrays of pure TiO~2~:Ln^3+^, we submit the as-prepared aligned precursor electrospun fibres to an annealing treatment. After being annealed, the PEO content was removed from the precursor fibres and inorganic TiO~2~:Ln^3+^ fibre arrays were formed. [Supplementary Fig. 6](#S1){ref-type="supplementary-material"} shows the XRD patterns of the aligned TiO~2~:Ln^3+^ fibre array after annealing. It can be seen that the anatase phase of TiO~2~ was formed after calcining at between 500 and 600 °C. The diffraction peaks at 2*θ* values of 25.3°, 37.8°, 48.1°, 54°, 62.8°, 68.8°, and 75.1° belong to the diffraction of the (101), (004), (200), (105), (204), (116), and (215) crystal faces of anatase TiO~2~ (JCPDS card no. 89--4921). With increased calcining temperature, the phase transformation from anatase into rutile TiO~2~ occurred. The diffraction peaks at 2*θ* values of 27.5°, 35.7°, 41.1°, 45°, 54.7°, 57.8°, 65.4°, and 69.8° came from diffraction of the (110), (101), (111), (210), (211), (220), (310), and (301) crystal faces of rutile TiO~2~ (JCPDS card no. 89--4920). When the calcining temperature was greater than 800 °C, the diffraction peaks of anatase TiO~2~ disappeared and all diffraction peaks were assigned to the rutile TiO~2~. In all XRD patterns, no additional Eu^3+^, Sm^3+^, or and Er^3+^ diffraction peaks were observed. These results indicate that the RE ions are embedded within the TiO~2~ lattice.

[Figure 1(a)](#f1){ref-type="fig"} to (f) show SEM images of well-aligned pure TiO~2~:Eu^3+^ fibre arrays obtained by calcining at 500 °C. From these images, it can be seen that the morphologies of the ceramic nanofibres were uniform. The average diameters of the single fibree were estimated to be 1.5--2.0 μm for all samples. With increasing rare earth ion dopant concentration, their average diameters were almost unchanged. The large-scale SEM image and photograph further confirm the fact that the TiO~2~:Eu^3+^ fibres exhibit a well-aligned orientation and were ultralong. After annealing at 800 °C, these TiO~2~:Eu^3+^ fibres remained continuous and aligned. The TEM image of a single TiO~2~:1 mol% Eu^3+^ fibre displayed in [Fig. 2](#f2){ref-type="fig"}: the diameter of fibre is about 1.5 μm, and it is composed of well-aligned TiO~2~:Eu nanowires of approximately 50 nm in diameter. [Figure 2(c)](#f2){ref-type="fig"} shows the HR-TEM image of a single rutile TiO~2~:Eu nanowire from the fibre. The crystal lattice fringe with a spacing *d* of approximately 325 nm can be observed directly, which corresponds to the (110) crystal face of rutile TiO~2~, which is consistent with the XRD data. The selected area electron diffraction pattern (SEAD) of the corresponding microbelt is illustrated in [Fig. 2(d)](#f2){ref-type="fig"} which shows the polycrystalline rings which can be indexed against rutile TiO~2~. [Figure 2(e)](#f2){ref-type="fig"} shows the scanning TEM (STEM) and corresponding energy dispersive X-ray spectroscopy (EDX) elemental mapping images, which confirmed that Ti, O, and Eu were distributed on the TiO~2~ fibre surface, consistent with the EDX spectrum ([Supplementary Fig. 7](#S1){ref-type="supplementary-material"}). A very similar morphology and size were also observed from pure TiO~2~:Sm^3+^ and TiO~2~:Er^3+^ fibre arrays ([Supplementary Figs 8 and 9](#S1){ref-type="supplementary-material"}). The morphology and size of the single fibre were without significant changes with increasing Ln^3+^ dopant concentrations (less than 10% molar concentrations).

It is known that, for such an electrospinning solution, the molecular weight of the polymer has a significant effect on the rheological and electrical properties, such as viscosity, surface tension, and conductivity. This is one of the most important solution parameters affecting the morphology of an electrospun fibre. Therefore, it is very difficult to prepare aligned fibres from low molecular weight PVA, PVP, PMMA, PS, and PEO when working without a high-speed rotating drum (approximately 2000 rpm), auxiliary conductors, and an external magnetic or electric field[@b24][@b25][@b26][@b27][@b28]. In previous reports, the PVP was used as a structure-directing template and would result in a random orientation of electrospun TiO~2~:Ln^3+^ fibres and the single fibres consisted of the tight connection of multiple irregular TiO~2~:Ln^3+^ nanoparticles[@b29]. In the present work, we exploited the viscoelasticity contributed by chain entanglement of the ultrahigh molecular weight PEO to eliminate the occurrence of bending instability of the electrospinning jet to achieving highly aligned fibre assemblies. And the PEO as the structure-directing template was used to obtain TiO~2~:Ln^3+^ nanorods arrays in single TiO~2~:Ln^3+^ fibres. A possible mechanism for the formation of well-aligned TiO~2~:Ln^3+^ fibre arrays, is shown in [Supplementary Fig. 8](#S1){ref-type="supplementary-material"}. First, the amorphous TiO~2~ sheaths formed at the surface of precursor fibres due to hydrolysis of Ti(OC~4~H~9~)~4~ in air during the electrospinning process ([Supplementary Fig. 8(a)](#S1){ref-type="supplementary-material"}). Then, as-spun precursor fibres were annealed. Many ultrafine crystallites were combined into small nanocrystallites through mass transport and the PEO tended to be solidified with increasing temperature ([Supplementary Fig. 8(b)](#S1){ref-type="supplementary-material"}). Finally, many small nanocrystallites were further connected to generate TiO~2~ nanorods due to the restriction of PEO rather than through contact points among these small different nanocrystallites to form a randomly oriented structure ([Supplementary Fig. 8(c)](#S1){ref-type="supplementary-material"}).

[Figure 3(a)](#f3){ref-type="fig"} to (d) show the excitation and emission spectra of well-aligned TiO~2~:Eu^3+^ fibres. In the excitation spectra, the band at 200 to 280 nm was assigned to the charge transfer (CT) transition of Eu^3+^ → O^2−^. The CT band corresponds to the electronic transition from the 2*p* orbital of O^2−^ to the 4*f* orbital of Eu^3+^, and is closely related to the covalency between O^2−^ and Eu^3+^ and the coordination environment around the Eu^3+^. In the emission spectra, three peaks at 592 nm, 616 nm, and 656 nm were observed, which correspond to ^5^D~0~ → ^7^F~1~^5^, D~0~ → ^7^F~2~, and ^5^D~0~ → ^7^F~3~ transitions. As seen from the characteristic peak at 616 nm, the emission intensity increased with increasing Eu^3+^ concentration, thus implying that Eu^3+^ was not quenched while its concentration was less than 10 mol %, and agreeing with published experimental results[@b30][@b31]. The PL intensity of the sample increased gradually with increased calcination temperature (from 500 to 800 °C). The temperature-dependence of the emission intensity of Eu^3+^ at 616 nm, is shown in [Fig. 3(e)](#f3){ref-type="fig"}. It can be seen that the luminescence intensity decreased with increasing sample temperature, thus indicating temperature quenching occurred. This temperature quenching behaviour can be observed in most luminescent materials, but the quenching mechanisms are usually different. The increased temperature may result in an increase in the non-radiative relaxation rate for both cascade multiphonon transition and the energy transfer originating from the luminescent level[@b32]. In addition, the crossover process, which quenches the luminescence intensity, may occur when the temperature reaches a certain value. Usually, the fluorescence temperature quenching of Eu^3+^ doped materials follows crossover model in which the temperature dependence of fluorescence intensity can be expressed as follows[@b33][@b34],

where ***I**(**T***) presents fluorescence intensity at temperature ***T***; ***I***~0~ is the initial intensity at temperature closed to 0 K; ***ΔE*** stands for the activation energy; ***k*** is Boltzmann's constant; ***C*** is a constant for a certain system. To examine the temperature quenching mechanism of Eu^3+^ fluorescence, [Eq. (1)](#eq1){ref-type="disp-formula"} was fit to the data in [Fig. 3(e)](#f3){ref-type="fig"}, and it can be seen [Eq. (1)](#eq1){ref-type="disp-formula"} can fit well with the data. In the fitting process, the ***ΔE***was confirmed to be 0.49 eV which in reasonable agreement with the results reported in Eu^3+^ doped other materials[@b35][@b36]. These results reflected that the fluorescence temperature quenching was evoked by crossover process.

[Figure 4 (a)](#f4){ref-type="fig"} to (d) show the excitation (*λ*~em~ = 615 nm) and emission (*λ*~ex~ = 328 nm) spectra of well-aligned TiO~2~:Sm nanofibres. For the excitation spectra, one intense broad excitation band centred at 328 nm was observed, which corresponded to the anatase TiO~2~ host absorption. This evinced an effective energy transfer from the TiO~2~ host to the Sm^3+^ ions. Three obvious emission peaks centred at 580, 615, and 660 nm were observed in the emission spectra, which can be ascribed to the transitions from the excited state ^4^G~5/2~ to the ^6^H~5/2~, ^6^H~7/2~, and ^6^H~9/2~ states, respectively. As seen from the characteristic peak at 615 nm, the emission intensity decreased with increasing Sm^3+^ concentration; however, the emissions of the TiO~2~:1 mol % Sm^3+^ samples, upon increasing the calcining temperature from 500 to 800 °C showed an increasing temperature-dependence ([Fig. 4(e)](#f4){ref-type="fig"}) on the integrated luminescence intensity for the ^4^G~5/2~ → ^6^H~7/2~ transition on the TiO~2~:1 mol % Sm^3+^ sample. It can be seen that the integrated emission intensity keeps almost unchanged within the temperature range of 30--180 °C, and then decreases with increasing sample temperature. That is to say, the thermal quenching occurred at temperatures greater than 180 °C. The emission intensity of Sm^3+^ decreased to approximately 85% of its low-temperature level at 400 °C. It should also be mentioned that the quenching process, namely the variation trend of integrated luminescence intensity toward temperature, is extremely different from the one for TiO~2~:Eu^3+^. This is because of the fact that the excited state ^4^G~5/2~ is much nearer to the neighboring lower state, thus the nonradiative transition can not be omitted at higher temperature. This fact means that the fluorescence temperature quenching can not be simply explained by crossover process.

[Figure 5 (a)](#f5){ref-type="fig"} to (d) show the emission (*λ*~ex~ = 328 nm) spectra of well-aligned TiO~2~:Er nanofibres under excitation at 980 nm. The strong, weak, and very weak emission bands located at 550 nm, 525 nm (green region), and 655 nm (red region) were observed, and their intensities monotonically increased with increasing laser working current. The strong 550 nm emission bands, and the weak 525 nm bands in the green region, corresponded to the ^4^S~3/2~ → ^4^I~15/2~ and ^2^H~11/2~ → ^4^I~15/2~ transitions, respectively, while the very weak emission 655 nm bands in the red region corresponded to the ^4^F~9/2~ → ^4^I~15/2~ transition. The green UC emissions were dominant, and the green emission was much more intense than that in the red bandwidth region once the laser working current had been increased; however, the green emission was more rapidly decreased than that in the red region with increasing temperature (\<120 °C). In comparison with [Figs 3(e)](#f3){ref-type="fig"}, [4(e)](#f4){ref-type="fig"} and [5(d)](#f5){ref-type="fig"} showed more complicated temperature-dependent fluorescence intensity. Obviously, this temperature of Er^3+^ doped TiO~2~ fiber arrays impossible obeys the crossover model since in the UC luminescence process many metastable levels of Er^3+^ were involved into the population process, and the populations of all these levels related to the temperature, thus the simple potential barrier model for crossover process can not explain it.

Conclusions
===========

The continuous, highly oriented, TiO~2~:Ln^3+^ (Ln = Eu, Sm, or Er) fibre arrays with linear alignment were successfully prepared by use of an improved electrospinning method. The advantages of the modified method were as follows: (1) exploitation of the viscoelasticity of ultrahigh molecular weight polymer solutions to eliminate the occurrence of bending instability, will lead to a synthetic process that is simple, rapid, efficient, and cost-effective; (2) it can be used to obtain electrospun fibre arrays measuring at least 300 mm in length; (3) the need for a high-speed rotating drum, a manipulating or electrical field, and an expensive collector were all obviated; (4) it provided a continuous fibre-aligning capability and can offer the ability for mass-scale manufacture on a commercial scale. Their luminescence properties were also studied. These results shown that the emission intensity of TiO~2~:Eu^3+^ fibre arrays were enhanced with increasing Eu^3+^ concentration. On the contrary, the emission intensity of TiO~2~:Sm^3+^ fibre arrays decreased with increasing Sm^3+^ concentration. The emission intensities of TiO~2~:Er^3+^ fibre arrays increased monotonically with increasing laser working current. In addition, these TiO~2~:Ln^3+^ fibre arrays presented typical temperature quenching behaviour. Overall, this technique, and its extension to other metal oxides or metal ion-doped oxides, will open up novel routes to the functionalisation of surfaces that can enable the fabrication of new types of optical, electric, magnetic, and tissue engineering devices.
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![(**a**,**b**,**c** and **d**) are SEM images of well-aligned TiO~2~:Eu fibre arrays from the 1.0 mol%, 3.0 mol %, 5.0 mol%, and 10.0 mol % of the Eu^3+^ concentration, respectively. (**e**) and (**f**) show an SEM image and photograph of large-scale well-aligned TiO~2~:1.0 mol% Eu fibre arrays, respectively. The concentration of PEO of was fixed at 2.5 wt %. The applied voltage was 8.0 kV and the collection distance was 20 mm. The rate of rotation of the collection drum was 1400 rpm. 1 rpm was equivalent to a linear speed of 0.0067 m/s. The as-prepared well-aligned fibres were taken off and calcined at a heating rate of 10 °C · h^−1^ and kept at 500 °C in air for 4 h.](srep44099-f1){#f1}

![(**a**,**b** and **c**) are lower magnification, image of the end, and HR-TEM images of a single pure TiO~2~:Eu fibre; (**d**) is an SAED pattern of the single pure TiO~2~:Eu 1.0 mol % Eu fibre. (**e**) STEM images and EDX elemental mapping of Ti, O and Eu of TiO~2~:Eu fibre. The as-prepared well-aligned fibres were taken off and calcined at a heating rate of 10 °C · h^−1^ and kept at 800 °C in air for 4 h.](srep44099-f2){#f2}

![(**a**) and (**b**) are excitation (*λ*~em~ = 615 nm) and emission (*λ*~ex~ = 395 nm) spectra of well-aligned TiO~2~:Eu fibre arrays with different Eu^3+^ dopants calcined at 500 °C, respectively. (**c**) and (**d**) are excitation (*λ*~em~ = 615 nm) and emission (*λ*~ex~ = 465 nm) spectra of well-aligned TiO~2~:1.0 mol% Eu fibre arrays with different calcining temperatures, respectively. (**e**) Temperature dependence of the relative emission intensity for the Eu^3+\ 5^D~0~ → ^7^F~2~ transition in the well-aligned TiO~2~:1.0 mol% Eu fibre arrays calcined at 500 °C; the scatter shows experimental data, and the solid lines are fitted functions thereto.](srep44099-f3){#f3}

![(**a**) and (**b**) are excitation (*λ*~em~ = 615 nm) and emission (*λ*~ex~ = 328 nm) spectra of well-aligned TiO~2~:Sm fibre arrays with variable Sm^3+^ dopant concentrations calcined at 600 °C, respectively. (**c**) and (**d**) are excitation (*λ*~em~ = 613 nm) and emission (*λ*~ex~ = 328 nm) spectra of well-aligned TiO~2~:1.0 mol% Sm fibre arrays with different calcining temperatures, respectively. (**e**) Temperature dependence of the relative emission intensity for Sm^3+\ 4^G~5/2~ → ^6^H~7/2~ transition in the well-aligned TiO~2~:1.0 mol% Sm fibre arrays calcined at 600 °C.](srep44099-f4){#f4}

![(**a**) Up-conversion emission spectra of TiO~2~:1.0 mol% Er fibre arrays under excitation at 980 nm; (**b**) Corresponding dependences of green and red up-conversion emission intensities on the laser working current. (**c**) Emission spectra of TiO~2~:1.0 mol% Er fibre arrays measured at various temperatures; (**d**) Corresponding dependences of green and red up-conversion intensities on sample temperature.](srep44099-f5){#f5}
